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Introduction
Proton Resonance Frequency (PRF) MR Thermometry plays a crucial role in minimally invasive or non-invasive procedures, such as Magnetic Resonance-guided Focused Ultrasound (MRgFUS). Thermometry can provide accurate, real-time temperature measurements with high spatial and temporal resolution. Such thermal feedback facilitates the control and monitoring of the treatment, since it allows an immediate evaluation of the temperature in the targeted area and it can minimize the risk of thermal damage in the adjacent, healthy tissues [1, 2] . A challenge during treatment of abdominal organs with MRgFUS is the organ motion due to patient breathing. The motion can affect both the accuracy of the MR temperature monitoring and the quality of the temperature maps due to motion-related artefacts [2] .
In baseline PRF Thermometry, where phase images (baseline) are acquired before heating of the targeted area, registration is performed between the images, and the phases are subtracted to 'read' the temperature rise [2] . Hence, this method is suitable for stationary targets only. However, in moving scenarios, the soft tissue deformation, during the respiratory motion, makes the treatment more challenging, as it induces inaccurate subtraction. For this purpose, the reference-less thermometry, a method which is more robust to motion was developed by Viola Rieke in 2004 [3] . This technique does not require phase subtraction of a baseline phase image before heating.
A Region-Of-Interest (ROI) can be selected outside the heated area, but well within the treated object. The phase in the ROI is described by a polynomial (polynomial fitting) as follows:
The coefficients of the polynomial are extrapolated to the centre of the ROI, resulting in the extrapolated phase , which is equivalent to the reference phase , of the baseline PRF method. Thus the temperature rise is calculated from the following equation:
where is the PRF shift coefficient, is the gyromagnetic ratio, is the Echo Time and 0 the magnetic field strength [2] .
To carry on such a study involving reference-less MR thermometry during MRgFUS into a CE marked application for ablation of liver tumour in clinical practice, more evidence is required. Due to the liver motion and deformation, a model needs to be well defined for its robustness in pre-clinical studies. A fresh human or animal cadaver or a fresh excised animal organ would be of no use, since it rapidly decays. The Thiel embalmed cadaver, on the other hand is more advantageous than other embalmed tissue (i.e. formalin-fixed) due to the fact that it maintains the life-like characteristics, i.e. flexibility, colour, and ease of establishment of ventilation, making the treatment similar to a real human patient [11, 12] . In this work, the Thiel embalmed human liver was proposed as a reliable validation tool.
Experimental work was provided as an evidence of suitability of a custom-made reference-less thermometry application. This study aims to form the basis for providing a validation tool, using a human cadaver, with the intention to use it for validation of Dundee [13] .
The heating of the phantom and the livers was performed using the MRgFUS system, which is explained in this paragraph. Pre-sonication planning imaging was performed on the phantom and on the explanted liver, using a 1. only the volume of interest is isolated and there is no need for outer volume suppression pulses [15] . In addition to the phase maps, colour-overlapped PRF thermal maps and temperature graphs were generated by the FUS software.
The reference-less Thermometry algorithm
The reference-less methodology applied in this work was based on a custom made programming code, written in MATLAB software (R2014a, MathWorks, Massachusetts, USA). The phase images that were generated by the MRgFUS console were used as an input to the algorithm. The measurements were performed on the hottest phase image, i.e. the image with the maximum pixel intensity in the heated region. The algorithm gave graphs of phase (rad) plotted as a function of time (s), indicating the maximum phase at each phase image, to visually detect the hottest phase image. Each phase image had a real part, an imaginary part, and a magnitude image.
Since there can be potential phase wraps at ±π in the MR images, the real and the imaginary parts of the phase images were fitted separately. During each measurement, the MR scanner automatically labels each phase image with an exam number and a series number. The images were extracted from the MR scanner, and were processed offline on a separate computer. The program identified the images from their exam and series number of the set of the phases labelled by the scanner. At first stage, the phase images were reconstructed to provide colour-coded phase maps that showed the heated area.
An eight-voxel rectangular frame region-of-interest (ROI) was selected by the user around the heated area for the real and the imaginary part of the hottest phase image.
The inner border was outside the heated site, and the outer border was within the object, i.e. phantom or liver. The ROI must always be selected outside the heated area, since any possible pixel change (due to temperature rise) within the ROI can confound the polynomial fit. The ROI was fitted to the outside region of the object in the phantom (Figure 2(a) ) and in the liver (Figure 2(b) ). The background phase or extrapolated phase, , was measured by applying a two-dimensional (2D) polynomial fit of the outside region in the heated region (Figure 3) . The 2D polynomial can be described by Eq. (1), where the x, y are the one-dimensional vectors which contain the phase values of 2D matrices in x-and y-directions, respectively. The order of the polynomial, from second to sixth, was determined according to which polynomial best approximated the phase in the ROI, using the 'polyfit' function of the MATLAB programme. Usually, low order polynomials, i.e. first, second, cannot track the background phase and show residual phase in the ROI. Higher order polynomials enhance the phase fitting, however the polynomials with too high order (> 6) increases the variance in the phase, as they detect noise, affecting the temperature maps.
The temperature rise was calculated using the background phase, according to Eq. (2).
The PRF shift coefficient of the Thiel embalmed liver i.e. 0.009 ppm/°C [16] was used in the measurements. The total time of the process was approximately four to five hours: three hours to transfer the MR images to the processing computer and one to two hours process and use them for guidance.
Validation of the accuracy of the algorithm
This section describes the validation measurements performed to assess how accurately the methodology calculates temperatures. For this purpose, the temperature rise calculated from the reference-less code was averaged and compared to the baseline PRF temperature rise measured by the FUS console (Version 4.1, InSightec Ltd., Tirat
Carmel, Israel). The FUS console is an already CE marked device for the treatment of bone pain and uterine fibroids. Additional temperature validation work in Thiel embalmed tissue ablated with the FUS console has been previously conducted [8] .
Thus, the measured temperatures from the code were compared to the temperatures generated by an already validated system.
Results
A series of thermal maps showing the temperature increase in the hottest image were generated for the phantom (Figure 4(a) ), the explanted organ (Figure 4(b) ) and the cadaveric liver (Figure 4(c) ). The temperature maps and the temperature rise were calculated from the phase maps, according to Eq. (2). The average temperature rise measured by the reference-less algorithm was compared to the average temperature rise calculated by the FUS console.
The average temperature differences (with standard deviations) between the referenceless algortihm and the actual temperatures (measured by the FUS system) were 0.2 (±0.01) for the phantom, 0.14 (±0.0) for the explanted organ and 0.22 (±0.01) for the cadaver. Figure 5(a) shows the PRF maps and Figure 5(b) shows the MR magnitude images generated by the FUS system. These maps were reconstructed to show reference-less temperature maps ( Figure 6 ). The validation results showed an average difference of 0.01 °C (±0.001) for the phantom, 0.01 °C (±0.004) for the explanted organ and 0.02 °C (±0.001) for the human cadaver.
Discussion
The purpose of this study was to provide evidence for an ex vivo, pre-clinical,
Thiel-based human model to test an offline reference-less temperature mapping algorithm. The results of this work demonstrated that the model was suitable for reference-less Thermometry during liver treatment. Since the interest was to select a ROI around a small target area in the liver and the phantom, a restricted field-of-view, Echo Planar Imaging (rFOV-EPI) sequence was used. Other alternatives would be flyback EPI. However these options were not robust to off-resonance effects to pixel shifts.
That would lead to major artefacts in the phase maps, even in the case of the static organ [5] . The rFOV-EPI sequence enabled the generation of high signal-to-noise ratio (SNR) phase maps that indicated the heated region.
Using the real and imaginary parts of each phase map was advantageous and facilitated the reference-less processing by avoiding the complicacy of unwrapping methods. The selection of the ROI around the heated area was performed in the liver. The two dimensional polynomial fit was successful, as it enabled calculation of the background phase and extrapolation (fitting) to the heated region. Using low order polynomials (2 nd or 3 rd order) has been reported to be more favourable for reference-less calculations (for more detailed information, please refer to [17] . This induced high-quality thermal maps which demonstrated the maximum temperature rise, via Eq. (2).
The validation tests showed that there were low differences (< 0.5 °C) between the temperatures measured by the reference-less algorithm and the actual temperatures measured by the FUS console, in the explanted organ and in the whole cadaveric liver.
The liver temperatures were well in accordance with the tissue-mimicking phantom results. This suggests that the reference-less algorithm could accurately and reliably measure the temperature rise in the Thiel embalmed liver. 
Conclusions
This study concludes that the explanted, Thiel liver and the whole cadaver 
